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ABSTRACT 
A novel cell traction force transducer based on shear 
sensitive cholesteryl ester liquid crystals (LCTFT) has 
been developed. This transducer incorporated with a 
custom-built cell traction force measurement and mapping 
(CTFM) software showed improved sensitivity and spatial 
resolution in sensing traction forces of human 
keratinocytes. The sensing output of the LCTFT was 
displayed as linear deformation lines in the liquid crystal 
surface that were induced by contraction of actin 
filaments via the focal adhesions of cells. In this context, 
the traction forces that were exerted locally by two 
clusters of focal adhesions induced strains in bi-axial 
directions in the liquid crystal surface. By using cell 
relaxation technique, these strains were determined and 
they were correlated by Poisson’s ratio. With the 
displacement information, traction forces of single cells 
were calculated based on Hooke’s theorem and the force-
deformation relationships were derived. In this study, the 
transducer detected a wide range of cell traction forces 
(~10 - 140 nN) indicating the sensitivity of the system. 
The cell traction force maps generated by our CTFM 
software at a spatial resolution of ~ 5µm showed good 
representations of localised cell traction force fields and 
might be useful for time-based study of dynamic cells 
tractions. 
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1. Introduction 
 
The ability of a cell to adhere and contract reveals the 
structural integrity of a cell. In wound healing, the 
migration and proliferation of keratinocytes involve with 
the formation of stress fibres that are associated with the 
actin filament polymerisation [1-2]. Actomyosin in 
epithelial cells may not be used for driving cell motility 
alone, but may function to provide static and coordinated 
contractions in closing a gap in the epithelium [3]. 
Monitoring the forces generated in single cells would 
provide a more complete picture of the contractile 
functionality of the cells, which in turn, could be useful in 
pharmacological applications. Numerous techniques 
based on silicone rubber, polyacrylamide with 
fluorescence markers, collagen sheet and patterned 
polydimethylsiloxane (PDMS) have been developed to 
measure traction forces induced by cells [4]. The sensing 
output is in term of deformations or displacements in the 
polymer surfaces that are thought to be proportional to the 
traction forces of cells. These measurement techniques 
were presented with high signal to noise ratio or the 
requirement of a null force image. The non-linear viscous 
behaviour of polymers at low shear rate might be the 
reason for the chaotic and large deformations produced 
[5-6]. In search for a material which could provide a 
higher sensing resolution, we propose to use semi-solid 
liquid crystals (LC). In terms of biocompatibility, 
cholesteryl ester liquid crystals (CELC) were showed to 
be non-toxic, provide affinity for cells attachment and  
thermally stable between 20oC to 50oC [7]. In addition, 
cholesterol moieties were positively described with 
several attractive advantages in enhancing the physical 
properties of cells during cell attachment and proliferation 
[8-11]. CELC are highly flexible and exhibited a linear 
elastic behaviour to applied stresses [12-13]. Driven by 
these motivations, our aim is to develop a transducer 
based on liquid crystals to study the traction forces of 
single human keratinocytes (HaCaT).  
Having examined both the physical properties of the 
semi-solid liquid crystals [13-14], this paper describes a 
novel approach to quantify the traction forces of human 
keratinocytes exerted on the liquid crystal based traction 
force transducer (LCTFT). In this technique, the 
magnitude of the deformations is linearly proportional to 
the shear forces inducing the deformations [13] which can 
then be inter-related by Hooke’s equation. By 
incorporating the Young’s modulus of the liquid crystals, 
quantification of the cell traction forces for this study was 
derived from the bi-axial strain displayed as deformation 
lines in the LC surface which were formed by the cells 
and. In a previous study involving measurement of cell 
forces on a solid sub-phase [15], traction forces exerted by 
cells on the silicon sheets were quantified by multiplying 
the length of the wrinkles by the stiffness (nN/µm) of the 
silicon sheet. The stiffness of the silicon substrate used in 
previous work was calibrated by measuring the length of 
the wrinkles induced by a known force [16]. However, it 
is important to note that, the deformation line formed in 
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longitudinal direction is a secondary effect resulted from 
the transverse strain. The transverse strain was due to the 
trajectory of transverse shear forces induced via the focal 
contacts as a result of actin filament contraction. 
Therefore, the true relationship, whether linear or non-
linear between the transverse and longitudinal strains of 
the deformation line was not established in previous 
studies due to the difficulty in resolving the chaotic 
deformations formed in the polymer based cell force 
sensor [15]. To circumvent these limitations, the focus of 
this paper will consider the work undertaken to address 
this issues. The approach adopted was to consider the 
transverse and longitudinal strains of the liquid crystals by 
using a cell relaxation technique via cytochemical 
treatment. The departure from previous work was aimed 
at solving the derivations of the applied force (F) which is 
required to induce bi-directional strain in the liquid crystal 
surface as correlated by Poisson’s ratio. To this end, a 
user friendly cell traction force measurement and mapping 
software (CTFM) will be described, this bespoke software 
provided tools for measurement and graphical 
visualisation of the traction forces exerted by single 
keratinocytes on the LCTFT.  
 
2. Materials and Methods 
 
2.1 Cell Relaxation Experiment and Quantification of 
Cell Traction Forces 
 
The preparation of human keratinocyte cell lines (HaCaT) 
and coating of the liquid crystal substrates were prepared 
as described in [7]. The cell suspension at a cell density of 
500 cells/cm2 was added into a petri dish containing a LC 
coated cover slip and incubated at 37oC for 24 hours. 
After the incubation, cells cultured on the liquid crystals 
were found adhering and contracting on the LC surface 
while inducing localised deformation lines. Each 
deformation line formed in the longitudinal direction was 
applied by a pair of compressive forces (F) originated 
from two clusters of focal adhesion that sheared in the 
surface of the liquid crystal substrate over a short distance 
(transverse displacements). The transverse shear stresses 
induced were probably due to the contraction of short 
circumferential actin filaments lining tangentially at the 
margin of the cells as shown in Figure 1a [17]. As shown 
in Figure 1b, the transverse displacement in the LC 
surface due to the contractions of the circumferential actin 
filaments can be determined by relaxing the cell using an 
actin depolymerisation solution, cytochalasin-B. 
Circumferential actin filaments are short actin filaments 
lining tangentially at the margin of the keratinocytes 
[3,18]. In this experiment, the adherent cells were treated 
with 5 µl of 30 µM cytochalasin B for one hour at 37oC. 
Cytochalasin B (35 mg/ml, Sigma Aldrich) was 
solubilised in 0.042% (v/v) ethanol (in distilled water). 
For the treatments, the petri dish was placed on a hot stage 
maintaining at 37oC while time lapse images were 
captured every five minutes for an hour via a phase 
contrast microscope built-in with a digital camera. This 
experiment was repeated for each randomly selected cell 
from ten similar cultures.  
 For each set of the phase contrast micrographs 
containing a cell before and after treatment with 
cytochalasin-B for a period in between 30 - 60 minute, the 
strain profiles of the deformation lines in LC surface (x, y, 
xo and yo) as defined in Figure 1a-b were measured. 
Previous reviews of the literature [19-20] suggested that, 
the deformations of a linear elastic material in transverse 
and longitudinal directions should be governed by the 
Poisson’s ratio, ν  as  
 
 
 
(1) 
 
 
 
where xo and yo are the width and length of the 
deformation line under uni-axial compression (before cell 
treatment with cytochalasin B as shown in Figure 1b, left) 
while x and y are the same parameters after the release of 
stresses (after cell treatment with cytochalasin B as shown 
in Figure 1b, right). 
 
 
 
Figure 1.  (a) The contraction of actin filaments in a cell 
generates a pair of compressive forces (F) while inducing 
a deformation line in the LC surface and the relaxation of 
a cell leading to a decrease in the deformation length. (b) 
The dimensions of the deformation line of the LC which 
is loaded and unloaded by the pair of compressive forces. 
 
As the actual size of the focal adhesions involved was 
unknown, the length and width of the focal adhesions 
were assumed to be equivalent to y and 1 µm, 
respectively. Therefore, the focal contact area, A, was 
approximated by y µm2. The width at 1 µm was justified 
by two or three accumulations of focal adhesions that has 
an average width of 0.5 – 1 µm as approximated from the 
immuno-stained micrographs of vinculin on the LC 
substrate as reported in [17]. The transverse displacement 
(∆x) was obtained by taking half of the difference 
between the width of deformation lines (Δx =(x-xo)/2) 
before and after the cell treated with cytochalasin B in 
between 30 minutes to 60 minutes.  
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The small strain induced in the liquid crystal surface 
agreed with the Poisson’s ratio under small strain theory. 
Therefore, Hookean’s law and small strain theory 
(Poisson’s ratio) [20-21] were applied to compute the 
forces required in inducing the deformation lines in the 
liquid crystal surfaces. The equation in determining the 
Young’s modulus of a linear elastic material through the 
relationship of stress-strain established by Hooke’s law is 
as follows: 
x
xEAF ∆=                                                                    (2)                  
 
where, E is the Young’s modulus, A is the focal contact 
area, Δx is the transverse displacement and x is the 
original length of the stress site in the LC surface as 
shown in Figure 1b. The Young’s modulus of the liquid 
crystals in culture was determined at ~108 kPa by using 
an Atomic Force Microscopy (AFM) nano-indenter [13]. 
 
2.2 Statistical Analysis 
 
The mean traction forces calculated for the cells were 
expressed as mean ± standard deviation (SD). Normality 
of the cell force distribution was tested with one sample 
Kolmogorov-smirnov test which is significant for p > 
0.05. N is the number of deformation lines measured. The 
scatter plots for the force (F) versus the longitudinal 
deformation were best fitted by using linear regression 
analysis. All statistical analysis was performed by using 
the Statistical Package for Social Sciences (SPSS) 
software.  
 
2.3 Development of a Cell Traction Force   
Measurement and Mapping Software  
 
The bespoke cell force measurement and mapping 
software (CTFM) was developed by using the MATLAB 
Integrated Development Environment (IDE). Basically, 
the computer program functions to map the cell traction 
force based on the length of deformation line measured by 
the user in the software interactively. A graphical user 
interface (GUI) is used to communicate with a user, either 
to receive instruction from the user or to convey messages 
to the user.  
The CTFM software was developed to be as simple as 
possible in order to generate a cell traction force map for 
further analysis. The design and execution of the program 
were arranged sequentially and divided into three main 
steps: The first step involved with loading an image and 
length measurement of the deformation lines by the user. 
The second step focused on enabling the program to 
calculate the average traction force based on the user 
measurements and the execution of a sub-routine which 
allowed the display of the forces related to each 
deformation line induced by single cells in the phase 
contrast images. The third step was to create a mesh grid 
and rendering 3D cell traction force data into a pseudo 
color map, which allows analyses of the force distribution 
across the cell. A flow chart showing the process involved 
with data interpolation and rendering of the cell traction 
force distributions in computer visualisation is as shown 
in Figure 2.  
 The program is initiated by a GUI which prompts the 
user to select an image of file type *.jpg, *.tiff or *.bmp 
and reads the image data file into the program. The GUI 
contains the instructions as a guide for the user to use the 
software. The size of the image will be determined by the 
program function, imread, and assigned to a Euclidean 
coordinate system (x, y). Calibration for defining the 
scales of the image will be performed by the user to 
define the start and end points via mouse clicks on a scale 
bar in the image and these data will be saved in an array 
by [xr, yr]= ginput, where r is the number of input. A 
pop-up window will prompt the user to input the length of 
the scale input through the keyboard. Based on the user 
input, the program calculates the distance between two 
points in a Euclidean vector space using norm function in 
MATLAB which applies the Pythagoras theorem. Next, 
the user will be required to repeat similar measurement 
procedures in order to measure the length of the 
deformation lines found in the image, and then the 
magnitude of the forces computed will be displayed above 
each deformation line in the image.  The force data will be 
collected in an array, z, which will be stored with the 
relative x and y coordinates in a matrix named “data”. 
Then, the transposed data (x’, y’, z’) will be plotted across 
a 3D grid, in which, the data will be fitted by using linear 
interpolation and displays as a surface image in figure 
(X). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A flow chart showing the procedures used to 
interpolate the data points and generating a computer 
visualisation map for the cell traction forces. 
 
 
Start 
Transpose matrix of data = [x, y, z] into [x’, y’, z’] 
Create figure (X) 
Define a regular grid [xi, yi] by meshgrid (si, si) 
Plot x, y and z on the grid in 3D 
Data curve fitting using linear interpolation 
Display the surface image 
 
End 
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2.4 Determining the Resolution of Cell Traction Force 
Mapping Software 
 
The resolution of the CTFM software was calibrated by 
using a calibration image of line gauge captured from a 
PDMS template containing regular lines with a width of 5 
µm. The PDMS template was fabricated by casting and 
curing an elastomeric polymer, Sylgard 184 (Dow 
Corning, Midland, MI) against a photoresist micro-
patterned glass mold with line pattern of 5 µm. The 
PDMS consists of base elastomer and curing agent which 
were mixed in a 10:1 (v/v) ratio. After polymerisation on 
the master mold, the flexible PDMS template with line 
patterns were removed from the mold and a phase contrast 
microscope equipped with a digital camera and ImageJ 
software was used to capture an image for the PDMS 
template. 
In a calibration image loaded in the CTFM software, 
the simulation of deformation lines with similar 
magnitudes around a hypothetical cell shape (oval shape) 
was applied alternately over the edges of the line patterns 
by using measurement tools available in the CTFM 
software. The procedures used in measuring the length of 
a deformation line in the CTFM software were as 
described in section 2.3. 
 
3. Result and Discussion 
 
Quiescent keratinocytes showed a nearly iso-diametric 
characteristic on the surface of the LC substrate after 24 
hours of cell culture. Based on the ten phase contrast 
micrographs obtained, each of the ten cells studied has 
induced an average of 4 - 5 deformation lines in the LC 
surface. One of the examples before cell treatment with 
cytochalasin B is as shown in Figure 3a (left). This cell is 
contracting steadily on the surface of the liquid crystals 
and some short deformations lines were found around the 
edges of the cell probably due to the contraction of 
circumferential actin filaments. Due to the stresses applied 
transversely at a local region (x direction), the region was 
sheared in y and z direction resulting in a streak of 
deformation line.  The transverse forces were represented 
by two inward arrows as shown in Figure 1b (left). In 2D 
phase contrast images, only strains in x and y plane are 
visible as seen in Figure 3. The transverse strains formed 
in the liquid crystals resulted in radial deformation lines 
(Figure 3) with dimensions as defined in Figure 1b. For 
the cell as shown in Figure 3a (left), the example 
deformation line marked in a box (Figure 3b, left) has a 
width (xo) and length (yo) of 5 µm and 4.6 µm, 
respectively.  
Figure 3b (right) shows the effects of the cytochalasin-
B in relaxing the cells and inducing the disappearance of 
the deformation lines from the surface of the liquid 
crystals. The time shown in Figure 3 is the time before 
and after the cell treated with cytochalasin B. After 
treating the cell with cytochalasin B, the actin 
cytoskeleton depolymerised and the forces applied locally 
by the cell were released in two opposing directions that 
were represented by two outward pointing arrows as 
shown in Figure 3b (right) at 30 min. As a result, the 
width (x) and length (y) of the deformation line changed 
to 6 µm and 4.2 µm, respectively. For this deformation 
line, the traction force applied to induce the strain in bi-
axial directions was determined at approximately 70 nN. 
 
 
 
Figure 3. (a) The phase contrast micrographs of a HaCaT 
cell treatment with 30 µM cytochalasin B taken at 0 and 
30 minutes for cells cultured on the liquid crystal surface. 
(Scale bar: 10 µm) (b) Enlarge exerts for a deformation 
line labelled in the boxes of (a). The inward and outward 
arrows show the directions of the shear forces. (Enlarge 
exert scale bar: 5 µm) 
 
 The procedures used in determining the traction 
forces were repeated for 55 deformation lines out of the 
ten cells. The relationships among the transverse 
displacement (∆x), length of longitudinal deformation (yo) 
and the traction force (F) inducing the deformation line in 
the liquid crystal surfaces were derived (Figure 4a-b). For 
single non-motile keratinocytes from the ten cultures, the 
deformation lines induced by these cells in the LC surface 
have a length of yo < 8 µm (at a thickness of LC substrate 
= ~100 µm) which is within the linear viscoelastic range 
(< 10 % shear strain) of the liquid crystals as characterised 
in [14]. Generally, the shear strain was calculated by the 
ratio of the displacement to the thickness of the LC 
substrate. 
The transverse displacement (Δx in µm) and length of 
longitudinal deformation (yo in µm) induced in the LC 
surface increased proportionally with the increasing 
traction force (F in nN) applied via the stress planes at 
83.65 nN/µm (Figure 4a) and 20.21 nN/µm (Figure 4b), 
respectively. By using least square method, the standard 
error for the linear regression line, F = 20.21yo, was 
determined at 0.42 nN/µm while 95 % confidence interval 
for the coefficient of the slope was 19.37 < mean of the 
slope < 21.05 nN/µm. The results clearly show that the 
cell traction forces induced bi-axial deformations that 
were related by two different functions. The coefficient of 
the force-longitudinal deformation (Figure 4b) provides 
374
an efficient means for rapid estimation of the compressive 
forces induced by a cell if the length of the deformation 
line (yo) is known, which is independent of cytochalasin B 
treatment. 
 
 
Figure  4. The relationships of the compressive force to 
the (a) transverse displacement and (b) longitudinal 
deformation. (c) Normally distributed traction forces (p = 
0.187, significant for p > 0.05) tested with Kolmogorov-
smirnov test for ten non-motile keratinocytes. N = number 
of deformation line. 
 
The traction forces exerted in the liquid crystal 
surfaces by non-motile keratinocytes were in the range of 
10 nN – 140 nN per stress site (Figure 4c). Kolmogorov-
Smirnov test indicates that the traction forces exerted by 
HaCaTs were normally distributed (p = 0.187, significant 
for p > 0.05, 55 deformation lines out of 10 cells). The 
mean traction force for the cells were determined at 65 nN 
± 25 nN (mean ± SD) while 95% confidence interval for 
the mean traction force was determined at  a range of 
58.18 < mean of the traction force < 71.66 nN. Since the 
forces measured were subjected to the Young’s modulus 
as given in equation (2), therefore, the forces should have 
a variation of 20% because the Young’s modulus (108 ± 
20 kPa) measured has a standard deviation of 
approximately this percentage too [13]. The traction 
forces measured by using our liquid crystal based cell 
force transducer are comparable to the traction forces of 
MDCK epithelial cells determined in a range of 5 – 35 nN 
that were determined by using PDMS micro-pillars 
technique [22]. However, the magnitude of the discrete 
forces expressed via individual focal adhesion of 
migrating keratinocytes on a micro-patterned PDMS was 
determined at 6 ± 0.54 nN (mean ± SE) [23] which is 
lower than the cell force measured by the LCTFT 
technique. This may be due to the discrepancies in the 
elastic moduli of the materials used as force sensors and 
methods of measurement. Therefore, it is difficult to make 
direct comparisons between the traction forces measured 
in our work and the work presented by others.       
By using an AFM cantilever method to probe the 
posterior of a cell, Sagvolden and co-worker [24] showed 
that cervical carcinoma cell requires 100 - 200 nN to 
dissociate from the cantilever. Similarly, a work reported 
in [25] showed that epithelial cells require an exposure of 
100 nN tangential force to detach from a surface in a 
centrifugation system. Whereas, a higher range of traction 
force from 10 nN up to 1200 nN was reported for 
fibroblast grown on soft silicon substrates [16].  For less 
motile cell such as the keratinocyte, the forces exerted by 
these cells on a substrate should be relatively lower than 
the fibroblast which is highly motile because motility is 
proportional to the traction forces of cells. However, a 
soft silicon sheet with higher compliance has 
demonstrated greater sensitivity to a wider range of cell 
traction forces exerted by cells as reported in [16]. 
Figure 5a shows an example image with the 
measurements and calculated average force for a cell 
inducing deformation lines in a liquid crystal surface by 
using CTFM software. For the purpose of image 
calibration, the scale of the image was used to determine 
the ratio of pixel to length for the loaded image. For this 
example with a scale of 20 µm, the pixel to length ratio 
was 100 pixels/µm. Any subsequent measurements of the 
deformation length in unit pixels will be converted to the 
length based on this ratio. Subsequently, the calibrated 
scale and value will be displayed on the scale bar on the 
image as shown in Figure 5a.  
The measurement of the deformation line on the image 
is again based on mouse-clicking activation. On the phase 
contrast image, the user left-clicked the mouse to activate 
the start and end points of a longitudinal deformation line, 
following the same procedures used in the calibration of 
image scale. The start and end points are the termination 
points of a deformation line. After selecting the two points 
by using the mouse, a red line was plotted across the two 
points (Figure 5a) and the corresponding force in nano-
Newton (nN) unit will be indicated above the line. If there 
was no deformation line found in a particular area of the 
cell, the user double-left-clicked the mouse to select the 
same point which indicates no force was found for that 
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location (Figure 5a).  The first few steps were expected to 
be performed manually by the user. Hence, the 
measurement accuracy is dependent on the user’s ability 
to identify a deformation line. Once the measurements 
were completed, the average force was computed based 
on the number of force points greater than 0 nN and it will 
be displayed on top of the image (Figure 5a).  
 
Figure 5. (a) An image showing the measurements of 
deformation lines and displays of calculated forces. (b) A 
graph showing the force data points (z) over the x and y 
Euclidean coordinate system. (c) A 3D cell traction force 
distribution. The scale bar in pseudo colours represents 
the magnitude of the forces in nN. 
 
The 3D force data points distributed in Euclidean 
coordinate system and the surface image rendered in 
pseudo colors are as shown in Figure 5b-c, respectively. 
In this example, the force distributions were quite 
regularly distributed around the cell which is in good 
agreement with the locations of the deformation lines 
found in Figure 5a. The peak force computed for this cell 
was approximately 75 nN. 
The spatial resolution of the overall force mapping 
system is dependent on the resolving power of the CTFM 
software. Therefore, an image consisting of line gauge 
with an interval of 5 µm was used to calibrate the image. 
The hypothetical simulated force data on the calibration 
image is as shown in Figure 6a. Although we have tried to 
calibrate the software resolution with a calibration image 
consisting of line gauge with an interval at 3 µm, the 
software was not able to resolve a separation of forces at 
this resolution and the forces were displayed as clusters of 
force field (result not shown). The results from the force 
simulations indicate that the interpolation function in the 
software was able to clearly resolve forces at a gap down 
to 5 µm (Figure 6b). However, CTFM software showed a 
good representation of the cell traction forces when 
compared with the locations of the deformation lines 
formed around the hypothetical cell in the liquid crystal 
surface. 
 
 
Figure 6. (a) A calibration image of PDMS template 
consisting of line patterns with an interval of 5 µm. (b) 
The force map showing the spatial resolution of CTFM 
software at a gap of 5 µm. 
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Figure 7a-b (right) are examples of two force maps 
generated for two single HaCaT cells in Figure 7a-b (left). 
Figure 7a (left) is probably showing two interacting cells 
that expressed deformation lines at the right and left 
margin of the two respective cells and a small number of 
deformation lines at the intersection in between the two 
cells. In the associated cell force map, isolated distribution 
of traction forces (40 - 90 nN) and a spot of force (75 nN) 
were observed at the two terminals of the cells and the 
intersection of the two cells, respectively (Figure 7a, 
right). The forces exerted at the intersection of the cells 
may be associated with the contraction of actin filament 
belts when two cells were dividing and the forces at the 
two terminals might be employed to support the 
mechanism of cell division [15].  
 
 
 
Figure 7. Phase contrast micrographs of (a) two 
interacting and (b) two adjacent HaCaT cells contracting 
on the LC force transducer and their associated force 
distribution fields detected by the LCTFT and CTFM 
software (right). (Scale bar: 20 µm) 
 
In contrast, Figure 7b is another example of two 
HaCaT cells located adjacent to one another but showed 
no sign of deformation lines and force fields in between 
them (Figure 7b). Active regions of forces were found 
evenly distributed over a short distance at the border of 
the cells expressing similar morphology (Figure 7b, right). 
Under quiescent cell condition, the mechanical forces of 
HaCaT cells as detected by the LCTFT were relatively 
stable and localised at a range of 30 – 78 nN. In 
comparison with the two cells in Figure 7a, these forces 
were lower and they did not express forces at the 
contacting edges but forces were found at the periphery of 
the cells. This indicates that LCTFT is sensitive to 
different expressions of forces for similar cell group. This 
potential enabled the detection system to clearly 
distinguish traction forces of cells derived from different 
mechanism of cells. This is another advantage of the 
LCTFT technique which has not been reported previously 
[26-27]. 
 
4. Conclusion 
 
This work presented a novel approach to quantifying the 
traction forces of keratinocytes exerted on the LCTFT by 
applying small deformation theory in relation to Hooke’s 
theorem. In the preliminary profiling of the force-
displacement relationships for the liquid crystal substrate, 
this approach used cell relaxation technique by cell 
treatment with cytochalasin B to release stresses from the 
liquid crystal surface in order to determine the localised 
traction forces of cells. The forces quantified for 
keratinocytes in this work are comparable to forces 
expressed by other epithelial cells. A cell traction force 
measurement and mapping software was customised to 
measure and render the traction forces in computer 
visualisation. The 2D and 3D distribution of the cell 
traction force fields rendered in pseudo colours have 
enabled the study of single non-motile keratinocytes. 
Nonetheless, the hybrid LCTFT and CTFM software 
system presented in this work is highly sensitive to a wide 
range of forces (~10 - 140 nN) at a high spatial resolution 
of ~5µm. With the capability of measuring cell traction 
forces at high resolution and sensitivity, LCTFT and 
CTFM software system will be useful to study the 
migration of keratinocytes in future works.  
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